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Carbon nanotips with different structures were synthesized by plasma-enhanced hot filament
chemical vapor deposition and plasma-enhanced chemical vapor deposition using different
deposition conditions, and they were investigated by scanning electron microscopy and Raman
spectroscopy. The results indicate that the photoluminescence background of the Raman spectra is
different for different carbon nanotips. Additionally, the Raman spectra of the carbon nanotips
synthesized using nitrogen-containing gas precursors show a peak located at about 2120 cm−1
besides the common D and G peaks. The observed difference in the photoluminescence background
is related to the growth mechanisms, structural properties, and surface morphology of a-C:H and
a-C:H:N nanotips, in particular, the sizes of the emissive tips. © 2009 American Institute of
Physics. DOI: 10.1063/1.3168496
I. INTRODUCTION
Owing to many applications in diverse areas, nanomate-
rials and new techniques for their syntheses have been
developed.1–5 In particular, carbon-based nanomaterials have
attracted significant attention because of a large spectrum of
their properties.6–10 Carbon nanotips CNTPs, a relatively
new class of carbon-based nanomaterials, show a variety of
internal structures and surface morphologies.11,12 For in-
stance, the CNTPs can have a sharp conical shape with a
carbon-nanotube-like structure and fairly hollow interiors13
or be made of carbon platelets stacked normally to the
growth direction.14 Due to their unique structure, the CNTPs
exhibit competitive electrical and mechanical properties
compared to carbon nanotubes and other related nanostruc-
tures; these properties include low turn-on field for field elec-
tron emission15 and high Young’s modulus depending on the
CNTP tip angles.16 This indicates that the CNTPs are very
suitable for numerous applications in field emitters, as scan-
ning probe microscopy tips, nanoindenters, and several oth-
ers. A large number of works have reported on the synthesis
of CNTPs using various methods.17–26 Depending on the spe-
cific process conditions and methods used, these nanostuc-
tures reveal various structures such as the carbon-nanotube-
like structures,13 the graphite structure,14,24 the amorphous
structure,25 the diamondlike structure,26 as well as several
combinations of the above types.
Raman spectroscopy is one of the most effective tools
for the characterization of carbon nanostructures. It has fre-
quently been observed that that the Raman spectra of the
CNTPs vary significantly from one structure to another. The
main difference among these spectra is their photolumines-
cence PL background.19–21,24 However, the relation of the
CNTP structures with the PL background of their Raman
spectra still remains unclear. For example, what is the origin
of this PL background and how does it change with the
CNTP structures? Reliable knowledge on the relation be-
tween the CNTP structures with their Raman spectra is of a
substantial benefit for the understanding and optimizing their
optoelectronic properties, which are of particular interest for
the development of advanced luminescent nanomaterials.
In this work, the CNTPs with different structures have
been synthesized by plasma-enhanced hot filament chemical
vapor deposition PEHFCVD and plasma-enhanced chemi-
cal vapor deposition PECVD under very different process
conditions. It is found that the CNTP structures and the Ra-
man spectra are determined by the process conditions. The
main difference in the nanotip Raman spectra is the differ-
ence of the PL background and the width of the D peak. In
the process of growing CNTPs, we have used the mixture of
ammonia, methane, and hydrogen PEHFCVD or the mix-
ture of methane, hydrogen and argon PECVD as the reac-
tion gases. Thus, the CNTPs are composed of carbon, hydro-
gen, and nitrogen PEHFCVD or carbon and hydrogen
PECVD. This is because the CH3 and CH3
+ radical species
are believed to be among the main building units of the
CNTPs,27,28 whereas H and H+ species dynamically termi-
nate carbon bonds at the lateral surfaces of the CNTPs.29
These conclusions have been supported by extensive experi-
mental and numerical modeling/simulation results.30–33 We
also relate the structural and morphological properties of the
CNTPs and the PL background in their Raman spectra.
This paper is organized as follows. In Sec. II, the experi-
ment and the characterization processes are described. In
Sec. III, the experimental results including the scanning elec-
aElectronic mail: kostya.ostrikov@csiro.au. Also at School of Physics, The
University of Sydney, Sydney NSW 2006, Australia.
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tron microscopy SEM images and the Raman spectra of the
CNTPs are given. In Sec. IV, we discuss the difference of the
Raman spectra of carbon films with different morphologies
and relate the difference to the structure and morphology of
the CNTPs. Finally, the paper is concluded with a brief sum-
mary of the results obtained and the outlook for the future
work.
II. EXPERIMENTAL DETAILS
In this work, the CNTPs were synthesized by PEH-
FCVD and PECVD processes and the details of the pro-
cesses are described as follows.
A. Preparation of CNTPs by PEHFCVD
When the CNTPs were prepared by PEHFCVD, the re-
action chamber was similar to the system described in detail
elsewhere.18 The chamber contains three coiled hot heated
to about 1600 °C tungsten filaments for feedstock gas heat-
ing and preionization. A Si100 wafer was used as a sub-
strate and its surface temperature was measured by a thermo-
couple and estimated to be 800 °C. The distance from the
substrate to the filaments was about 10 mm. A dc bias was
applied to the silicon substrate to produce the plasma. A
mixture of methane, ammonia, and hydrogen precursor gases
was used. The working pressure was 30 Torr.
The experimental procedure is sketched in Fig. 1. First, a
thin carbon film was predeposited on the surface of a silicon
substrate by HFCVD using CH4 and H2 as the reaction gases.
After the growth of the carbon film, NH3 was introduced and
the CH4+NH3+H2 plasma was created for the synthesis of
the CNTPs.
The silicon wafer has been chemically cleaned with ac-
etone and methanol in an ultrasonic bath for 10 min in each
solvent sequentially and then placed in the chamber. After
the chamber was evacuated to the base pressure lower than
1.510−2 Torr, ammonia and hydrogen gases were let into
the chamber, their flow rates were 5 and 95 SCCM SCCM
denotes cubic centimeter per minute at STP, respectively.
When the pressure in the chamber was increased to 30 Torr,
ac voltage was applied to the filaments and the current was
gradually increased until the filaments reached the optimum
temperature. After the temperature on the surface of the sili-
con wafer reached about 800 °C, the dc power supply was
turned on to generate the plasma for approximately 3 min so
that the silicon surface was further conditioned.
Afterwards, NH3 was replaced by 5 SCCM of CH4 car-
bon precursor for 1 h to deposit the thin carbon film for the
growth of CNTP patterns. When the CNTPs were synthe-
sized, the same operation procedures, work pressure, and
temperature as for the deposition of the carbon film were
employed. However, in this case, the mixture of the CH4,
NH3, and H2 was used as the reaction gases, their flow rates
were 20, 40, and 40 SCCM, respectively. Moreover, a bias
current of 180 mA was used to generate the plasma for 20
min and grow the CNTPs.
B. Preparation of CNTPs by PECVD
The plasma reactor used to synthesize the CNTPs by
PECVD is described in detail elsewhere.19 Briefly, a piece of
a Si100 wafer predeposited with a thin nickel layer was
used as a substrate, which was placed on the dc-biased sub-
strate holder. The substrates were heated to approximately
FIG. 2. The schematic diagram of preparation of the CNTPs by PECVD.
FIG. 1. The schematic diagram of preparation of the CNTPs by PEHFCVD.
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500 °C. The reaction gas was a mixture of methane, hydro-
gen, and argon and the working pressure was 4.5
10−2 Torr.
The process stages are shown in Fig. 2. Before synthe-
sizing the CNTPs, a 30-nm-thick nickel layer was deposited
on a Si100 wafer by magnetron sputtering. After the nickel-
coated Si wafer was placed on the substrate holder and the
plasma chamber was evacuated to a base pressure of 1
10−6 Torr, argon was introduced to ignite the plasma and
the substrate surface was conditioned for 30 min. Then, hy-
drogen was added into the chamber to further activate the
catalyst layer for 20 min in the Ar+H2 plasma. Subse-
quently, CH4 was introduced into the chamber to grow the
CNTPs. In the growth regime of interest here, termed the
floating temperature growth regime, the substrates were
heated internally by the hot working gas and intense ion
flows controlled by the dc bias applied to the substrate. The
high-density ne,i1012 cm−3, where ne,i is the electron/ion
density plasma was sustained with rf power densities of
0.09–0.11 W /cm3, while the dc bias UB=−300 V was ap-
plied to the substrate holder. The growth times were 5, 10,
and 20 min.
The CNTPs were characterized by SEM and Raman
spectroscopy. An Ar+ laser with the wavelength of 514.5 nm
was used as the excitation source.
III. RESULTS
Figures 3 and 4 show the SEM images of the carbon film
and the CNTPs prepared by PEHFCVD. As shown in Fig. 3,
the thickness of the carbon film is about 89 nm. Figure 4
shows that the top diameter of typical CNTPs is about 50
nm; their height varies from 430 to 550 nm and their bottom
width is in the range of 125–150 nm. Since the CNTP
heights are much larger than the thickness of the underlaying
carbon film, the CNTP formation is a result of a growth
process rather than a mere sputtering/etching of the prede-
posited carbon film. Figures 5a–5c show the SEM images
of the CNTPs grown by PECVD for 5, 10, and 20 min,
respectively. As shown in Fig. 5, the CNTPs are size uni-
form, the height of typical CNTPs is about 800 nm. The
average apex angles of the CNTPs in Figs. 5a–5c vary
from 30° at 5 min to 15° at 20 min, indicating that they
become sharper with time.
Figure 6 shows the Raman spectra of the carbon film and
the CNTPs. Raman spectra recorded from both specimens
present three peaks centered around 1350, 1600, and
2120 cm−1. The peak located at 1350 cm−1 can be identified
as the D peak assigned to A1g mode of the small crystallites
or the boundaries of the large crystallites,34 while the high-
frequency peak at around 1600 cm−1 is associated with the
stretching modes of sp2 carbon atoms in both rings and
chains.35 The peak around 2120 cm−1 results from the pres-
ence of nitrogen and is assigned to C=N vibration modes of
paracyanogenlike chains.36 Additionally, the Raman spec-
trum 2 features another weak peak at about 2160 cm−1,
which is associated with CN triple bonds.37 Compared
with the Raman spectrum 1, the Raman spectrum 2 has a
much stronger PL background. The Raman spectra do not
FIG. 3. Typical SEM image of the carbon film synthesized by HFCVD.
FIG. 5. Typical SEM images of the CNTP arrays prepared by PECVD: left 5 min; center 10 min; right 20 min.
FIG. 4. Typical SEM image of the CNTP arrays prepared by PEHFCVD.
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show the peaks related to the C–H stretching modes because
of the very large cross section of sp2 sites for visible
excitation.35
Figure 7 shows the Raman spectra of the CNTPs grown
by PECVD. Similar to the spectra in Fig. 6, the spectra in
Fig. 7 have two main peaks, namely D 1350 cm−1 and G
1600 cm−1. One can clearly observe that the PL back-
ground is very different for the CNTPs with different struc-
tures. Namely, the PL background for the sharper CNTPs is
stronger compared to the spectra 2 and 3 in Fig. 7.
Compared with Figs. 6 and 7, the PL background of the
spectrum 2 in Fig. 6 is stronger than that of the spectra 2
and 3 in Fig. 7. This striking difference most likely stems
from the elemental composition of the CNTPs in Figs. 4 and
5. In addition, we have also noticed that the spectra in Figs.
6 and 7 do not have any peak associated with the vibration
mode of the C–C bond. It is possible that the number of
sp3-hybridized carbon is very small so that this peak cannot
be clearly resolved.
IV. DISCUSSION
The formation process of the CNTPs was studied in our
prior work.18,19,38,39 Here we will discuss the origin of the
difference of the Raman spectra generated by different
CNTPs and the plain carbon films.
A. Interpretation of the PL background difference of
the CNTPs from the carbon films
The PL generation in -C:H films is believed to result
from the recombination of electrons and holes in the band-
tail states created by sp2-hybridized carbon rich clusters.40
Furthermore, the PL intensity tends to increase with increas-
ing the hydrogen content due to the saturation of nonradia-
tive centers.35 When nitrogen atoms are incorporated into a
a-C:H film during its growth, the C=N double bonds can be
formed. These bonds have highly polar  orbits, and their
electric dipoles interact with the electric field of the excita-
tion source to increase the PL intensity.41 The nitrogen atoms
also help to activate the recombination sites and remove non-
radiative recombination sites from the material, which even-
tually leads to the enhancement of the PL intensity originat-
ing from the nitrogenated carbon film.41 Thus, both the
content of hydrogen and nitrogen in the carbon film can af-
fect the resulting PL intensity.
As shown in Fig. 6, the peak centered at 2120 cm−1
indicates the formation of C=N double bonds in the carbon
film and the CNTPs. The peak at about 2160 cm−1 associ-
ated with CN triple bonds in the spectrum 2 of Fig. 6
indicates that there is a complex interaction of C with N
during the CNTP formation. Although there is no ammonia
employed in the process of depositing the carbon film, the
silicon substrate is conditioned in the H2+NH3 plasma. It is
thus possible that residual ammonia or ammonia species on
the silicon surface dissociate and then nitrogen atoms incor-
porate into the carbon film; this leads to the higher nitrogen
content in the carbon film. After the production of the
plasma, ammonia can be dissociated and ionized and various
nitrogenous ions can be formed in the cathode sheath.38,42
Moreover, a relatively strong electric field forms near the
substrate surface. Because of this strong electric field, it is
possible that some energetic nitrogenous ions are implanted
into the subsurface layers of the CNTPs or interact with the
carbon atoms on the CNTP surfaces to form various carbon
nitride structures. The nitrogenous ions also play a signifi-
cant role as etching species in the CNTP growth process.42
As shown Fig. 4, the formation of CNTPs increases the
surface area which in turn increases the interaction probabil-
ity of hydrogen and nitrogen species with carbon. Further-
more, the interaction is improved by the plasma, thus there
are more hydrogen and nitrogen atoms in the CNTPs than in
the plain carbon film. If the CNTP surfaces are free of other
atoms, there should be much more dangling bonds on the
surfaces to form a significant number of nonradiative recom-
bination centers.40 The high hydrogen content in the CNTPs
can greatly reduce the nonradiative recombination centers
and lead to the strong PL.35
FIG. 6. The Raman spectra of the carbon film and the CNTPs grown by
PEHFCVD: 1 the carbon film; 2 the CNTPs.
FIG. 7. The Raman spectra of the carbon film and the CNTPs grown by
PECVD: 1 5min; 2 10 min; 3 20 min.
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As mentioned above, it is possible that the nitrogen ions
can be implanted into the subsurface layers of the CNTPs or
interact with the carbon atoms on the CNTP surfaces. When
the nitrogen species terminate the carbon bonds at the lateral
sides of the CNTPs, the interaction of nitrogen with carbon
leads to the formation of C–N, C=N, and CN bonds. Be-
cause of the similarity of the vibration modes between the
C–N and C–C bonds in the 1300–1600 cm−1 range,43 the
peak originated from C–N vibrations may overlap other
peaks resulting from C=C vibrations. Likewise, the number
of C–N bonds may be too small, the Raman spectra do not
show any peaks associated with C–N vibrations. According
to the bonding configurations of nitrogen in carbon
nitrides,43 it is possible that the formed C–N bonds can re-
duce the nonradiative recombination centers and the formed
C=N bonds can generate dipoles.41 Simultaneously, the C
N bonds contain delocalized  systems, which can act as
suitable sites for radiative recombination of electrons and
holes.44 Thus, the termination of the carbon bonds at the
lateral surfaces of the CNTPs by the nitrogen species can
also result in the increase in the PL intensity. At the same
time, the implantation of the nitrogen ions into the subsur-
face layers of the CNTPs will further increase the PL inten-
sity. Since the disorder of the carbon films is related to the
content of sp3-hybridized carbon35 and the D peak of the
Raman spectrum is related to the degree of disorder in the
carbon films, there are some regions of the sp3-hybridized
carbon in the CNTPs. When the energetic nitrogen ions are
implanted into the subsurface layers of the CNTPs, they en-
ter into the sp3-hybridized carbon regions to induce sp3-to
sp2-hybridized carbon conversion, thus reducing the coordi-
nation number of carbon atoms.45 When nitrogen atoms enter
the sp2-hybridized carbon regions, they form C=N bonds by
substitution of C atoms with N atoms to generate the dipoles.
This is why the Raman spectra of the CNTPs possess a stron-
ger PL background compared to that of the plain carbon film.
From the analysis in this section, one can conclude that the
interaction of nitrogen with carbon materials during the for-
mation of the CNTPs can generate stronger PL compared to
plain carbon films.
B. Interpretation of the PL background difference of
the CNTPs with different structures
1. The CNTPs without nitrogen
As shown in Fig. 7, the PL background is very different
for the different CNTP structures; the strongest PL back-
ground is present in the Raman spectrum 1. From Fig. 5a,
one can see that there are many very small CNTPs among
larger CNTPs. Meanwhile, there is a large number of nickel
nanoparticles covered by thin carbon films; these nanopar-
ticles form as a result of heating of a continuous nickel film
predeposited on the silicon substrate.46 More importantly, the
interaction of carbon with nickel results in the formation of
electric dipoles due to the charge transfer from nickel to
carbon atoms.47 When the nickel particles covered with thin
carbon films are irradiated by the excitation source, the in-
teraction of the electric dipoles with the electric field of the
laser radiation results in the generation of PL.40,48,49 In addi-
tion, it is possible that the observed strong PL background
can be attributed to a-C deposits between nickel nanopar-
ticles similar to what was previously reported for carbon
nanotubes.50,51 Thus, the generation of the strong PL back-
ground in spectrum 1 mainly results from the interaction of
carbon with nickel and also a-C with the nickel nanopar-
ticles. This is why this PL background may not be directly
related to the structures of the CNTP surfaces.
As shown in the spectra 2 and 3 of Fig. 7, the PL
background of the spectrum 3 is stronger than that of the
spectrum 2. From Figs. 5b and 5c, one can obtain that
the apex angles of the typical CNTPs are about 25° and 15°,
respectively, indicating that the tip diameter of the CNTPs in
Fig. 5c is smaller than that in Fig. 5b. Because the tip
diameter of the CNTPs is in the nanometer range, the num-
ber of the dangling bonds should increase if the CNTPs are
free of hydrogen and their tip diameter is reduced. As a re-
sult, a large number of nonradiative recombination centers
are formed40 and the PL background of the Raman spectrum
of the CNTPs should become weak with the reduction in the
CNTP tip diameter. However, due to hydrogen termination of
these dangling bonds during the growth of the CNTPs, these
centers of nonradiative recombination are saturated. This is
why the PL background in the Raman spectra of the CNTPs
becomes strong with the reduction in their tip diameter.
Hence, the PL background of the spectrum 3 in Fig. 7 is
stronger than that of spectrum 2 in Fig. 7.
2. The CNTPs with and without nitrogen
From Figs. 4–7, one can clearly see that the spectrum 2
in Fig. 6 has a stronger PL background than the spectra 2
and 3 although the CNTP density in Fig. 4 the number of
the CNTPs per unit length is larger than that in Figs. 5b
and 5c. It can be attributed to the difference in elemental
composition of the CNTPs. We recall that the CNTP struc-
tures in Fig. 4 contain nitrogen. However, there is no nitro-
gen in the nanotips in Fig. 5. According to the analysis in
Sec. IV A, the incorporation of nitrogen into the CNTPs can
greatly increase the PL intensity. Therefore, it is possible that
the effects of carbon nitrides on the PL intensity are stronger
compared to other species. Thus, the spectrum 2 in Fig. 6
shows a strong PL background compared with the spectra 2
and 3 in Fig. 7. From this result, one can conclude that the
nitrogenated CNTPs can be considered as a luminescent ma-
terial.
C. The relation of the Raman spectra of the CNTPs
with their structures
From the above discussion, we already know that the PL
background becomes stronger with the increase in the sur-
face area of the CNTPs and the reduction in their apex
angles. Additionally, the release of stress in carbon films can
result in higher PL intensity.45 When a sample is character-
ized by Raman spectroscopy, only a limited area is irradiated
by the excitation source. As shown in Fig. 8, when the den-
sity of the CNTPs becomes higher, their apex angles are
reduced and the total area of the CNTPs irradiated by the
excitation source is increased. This eventually leads to a
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stronger PL background of the CNTP Raman spectra. As the
apex angles decrease and the nanostructure density on the
substrate surface increases, the PL background becomes even
stronger because of the larger effective surface area for the
interaction between the incident radiation from the excitation
source and the CNTP array. It is widely accepted that the
ratio of the intensity of G to D peaks IG / ID can be applied to
characterize the degree of disorder in graphitic materials.
Hence, a high IG / ID indicates a lower degree of disorder,19
i.e., the improvement of the structural quality of the material.
On the other hand, the improvement of the degree of order in
the material results in a reduction of stress, and eventually
resulting in the PL generation.45 This is another reason why
the Raman spectrum of the CNTPs with a high IG / ID fea-
tures a strong PL background. This is evidenced further by
the spectra 2 and 3 in Fig. 7 because the IG / ID ratio in the
spectrum 3 is higher than that in the spectrum 2.
According to the above analysis, one can conclude that
the Raman spectra of the CNTPs are related to their mor-
phologies and elemental composition. In particular, the Ra-
man spectra of the CNTPs with a higher degree of order and
smaller apex angles produce a stronger PL background and
feature higher IG / ID ratios.
V. CONCLUSION
In summary, the CNTPs were synthesized by PEHFCVD
and PECVD and characterized using the SEM and the Ra-
man spectroscopy. It was found that the PL background in
the Raman spectra of the CNTPs becomes stronger with the
reduction in the apex angles of the CNTPs. Moreover, the PL
background in the Raman spectra of the nitrogenated CNTPs
is much stronger than that of the CNTPs without nitrogen.
The strengthening of the PL background in the Raman spec-
tra of the sharper CNTPs results from the increase in the
surface area and the nanosize effects of the CNTP tips. The
stronger PL background in the Raman spectra of the nitroge-
nated CNTPs compared to the CNTPs without nitrogen is the
result of the reduction in the nonradiative recombination cen-
ters, the dipole formation, and the creation of radiative re-
combination sites of electrons and holes by the incorporation
of nitrogen into the CNTPs. Finally, the relation between the
Raman spectra of the CNTPs and their structural and mor-
phological features and elemental composition has been es-
tablished and interpreted.
The generation of the PL background in the Raman spec-
tra of the CNTPs, especially the generation of a very strong
PL background of the nitrogenated CNTPs, evidences that
the CNTPs belong to the class of luminescent materials. Fu-
ture work will be focused on exploring the relation of the PL
properties of the CNTPs with their structures and elemental
composition which can be useful for the development of op-
toelectronic nanodevices of the next generation.
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